Lactating female rodents protect their pups by expressing fierce aggression, termed maternal aggression, toward intruders. Mice lacking the neuronal nitric oxide synthase gene (nNOS؊/؊) exhibit significantly impaired maternal aggression, but increased male aggression, suggesting that nitric oxide (NO) produced by nNOS has opposite actions in maternal and male aggression. In contrast, mice lacking the endothelial nitric oxide synthase gene (eNOS؊/؊) exhibit almost no male aggression, suggesting that NO produced by eNOS facilitates male aggression. In the present study, maternal aggression in eNOS؊/؊ mice was examined and found to be normal relative to wild-type (WT) mice in terms of the percentage displaying aggression, the average number of attacks against a male intruder, and the total amount of time spent attacking the male intruder. The eNOS؊/؊ females also displayed normal pup retrieval behavior. Because a significant elevation of citrulline, an indirect marker of NO synthesis, occurs in neurons of the hypothalamus of lactating WT mice in association with maternal aggression, we examined the brains of eNOS؊/؊ females for citrulline immunoreactivity following an aggressive encounter. The aggressive eNOS؊/؊ females exhibited a significant elevation of citrulline in the medial preoptic nucleus and the subparaventricular zone of the hypothalamus relative to unstimulated lactating eNOS؊/؊ females. Taken together, these results suggest that NO produced by eNOS neither facilitates nor inhibits maternal aggression and that NO produced by eNOS has a different role in maternal and male aggression.
Lactating female rodents are fiercely aggressive toward intruders when they are rearing pups (Svare, 1990) . Estrogens and progestins, released during pregnancy and lactation, are important in altering the CNS so that maternal aggression can be properly expressed (Bridges, 1996; Mann, Konen, and Svare, 1984; Stern and McDonald, 1989) . Because the hormonal profile differs between male and female rodents throughout their life history and because most male rodents exhibit consistently high levels of aggression throughout the breeding season, it is likely that males and females have developed specialized mechanisms for the control of aggression. However, because both maternal aggression and male aggression depend upon the central release of neuromodulators, the extent to which maternal aggression and male aggression share a common neural basis remains unspecified.
In terms of the central actions of the neuromodulator, serotonin, it appears that the mechanisms of maternal and male aggression differ. In males, a serotonin agonist inhibits aggression (Olivier, Mos, van Oorschot, and Hen, 1995) , but has no effect on maternal aggression (Parmigiani, Ferrari, and Palanza, 1998) . Additionally, the sensory input produced by the suckling of pups increases central serotonin production and release in lactating dams and likely plays a role in activating and maintaining maternal aggression (Kordon, Blake, Terkel, and Sawyer, 1973) . Recent research with transgenic mice has helped to elucidate differences in the underlying mechanisms between maternal and male aggression in terms of the action of the neuromodulator, nitric oxide (NO). In mice lacking a functional neuronal nitric oxide synthase gene (nNOSϪ/Ϫ), males show a significant elevation in aggression relative to wild-type (WT) mice (Nelson, Demas, Huang, Fishman, Dawson, Dawson, and Snyder, 1995) , suggesting that NO released from neurons inhibits male aggression. In contrast, lactating nNOSϪ/Ϫ females mice exhibit almost no maternal aggression relative to WT mice, even though all other tested aspects of maternal behavior were normal . This latter result suggests that NO in females may have an excitatory role in the production of maternal aggression.
Recent tests of male mice lacking the endothelial nitric oxide gene (eNOSϪ/Ϫ) revealed an almost complete elimination of male aggression (Demas, Kriegsfeld, Blackshaw, Huang, Gammie, Nelson, and Snyder, 1999) , even though testosterone concentrations are equivalent between eNOSϪ/Ϫ and WT males (R. J. Nelson, unpublished observations). eNOS is localized exclusively within blood vessels (Demas et al., 1999; Seidel, Stanarius, and Wolf, 1997; Stanarius, Topel, Schulz, Noack, and Wolf, 1997; Topel, Stanarius, and Wolf, 1998) and plays a role in the dilation of blood vessels to increase blood flow (Huang, Huang, Mashimo, Bloch, Moskowitz, Bevan, and Fishman, 1995) . It is not understood why eNOSϪ/Ϫ mice exhibit low levels of male aggression.
The neural circuits underlying maternal and male aggression likely contain some similarities, as well as distinct differences. Whether NO derived from eNOS plays a similar role in maternal and male aggression is not known. Although male eNOSϪ/Ϫ mice exhibit a low level of aggression, maternal aggression had not previously been examined in these transgenic mice. In this study, the effects of targeted disruption of the eNOS gene on maternal aggression were examined. Further, maternal aggression behavioral testing was combined with immunohistochemistry for citrulline, an indirect marker of NO release, to determine indirectly whether the eNOSϪ/Ϫ females showed increases in NO synthesis in association with maternal aggression, as had previously been observed in WT mice .
METHODS

Behavioral Testing
Six WT female house mice (Mus musculus) of the C57B6J strain and six eNOSϪ/Ϫ female mice were paired with males of the same respective genotype. The C57B6J strain was used for control mice because the eNOSϪ/Ϫ mice used have recently been bred such that their genetic background most closely matched that of the C57B6J strain (Kriegsfeld, Demas, Burnett, and Nelson, 1999) . Following impregnation, the females were housed individually in polypropylene cages (28 ϫ 17 ϫ 12 cm) in a colony room with a 24-h 16:8 light:dark schedule (lights on at 0700 h; lights off at 2300 h). The date of birth was considered postpartum Day 0 and litters were culled to six pups to decrease variability in maternal aggression (Maestripieri, 1990) .
Beginning on Day 4 and continuing on Day 6, Day 8, and Day 10, each female was exposed to an intruder male for 10 min between 0800 and 1200 h. The pups were removed from the cage 3 min prior to the behavioral test and each test session with a male was recorded on videotape and subsequently analyzed offline by an individual blind to the experimental conditions to quantify aggressive behaviors by the female. Removal of the pups from a mother just before an aggression test does not diminish the expression of maternal aggression (Svare, Betteridge, Katz, and Samuels, 1981) . The intruder males were sexually naive and group-housed and were of the CD1 strain. CD1 males were used because previous work indicated that this strain elicits equivalent levels of maternal aggression as conspecific C57B6J males and because the use of white-coated CD1 males allows the dark-coated females to be unambiguously identified from males during the viewing and scoring of maternal aggression on videotapes. Following each test the pups were weighed and randomly distributed throughout the home cage. The time to retrieve the first and fourth pups was recorded for each session. For a given individual, the data from the day that the individual showed peak aggression were used for group comparison and statistical analysis. All animal care and treatment were conducted with adherence to National Institutes of Health standards.
Citrulline Immunocytochemistry
Lactating eNOSϪ/Ϫ females (postpartum Day 10) were exposed to a male intruder for 10 min. For the first five females that exhibited maternal aggression on postpartum Day 10, immediately following the test, each test animal was briefly anesthetized for 1 min with methoxyflurane vapors (Mallinckrodt Veterinary, Inc., Mundelein, IL) and further anesthetized with an overdose of sodium pentobarbitol. Animals were perfused through the heart with an oxygenated Krebs-Heinzleit buffer (118 mM NaCl, 4.7 mM KCl, 2 mM CaCl 2 , 1.2 mM MgSO 4 , 1.2 mM KH 2 PO 4 , 25 mM NaHCO 3 , 11 mM glucose; pH 7.4) followed by a 5% glutaraldehyde/0.5% formaldehyde solution contain-ing 0.2% Na 2 S 2 O 5 in 0.1 M PBS (Eliasson, Blackshaw, Schell, and Snyder, 1997 ). An additional five eNOSϪ/Ϫ lactating females (postpartum Day 10) were also perfused as described, but no behavioral test was conducted prior to fixation and the pups were removed for a 10-min period. All tests and perfusions were performed between 0800 and 1200 h. Following the perfusions, the brains were removed, postfixed overnight at 4°C, and placed in a 20% glycerol cryoprotectant for 2 days. The brains were frozen on dry ice immediately before being sectioned at 40 m on a cryostat. The brain sections were collected in PBS and reduced for 30 min with 0.5% NaBH 4 and 0.2% Na 2 S 2 O 5 in 10 mM PBS with 0.19 mM NaCl (pH 7.4). Subsequently, the sections were washed in PBS in the presence of 0.2% Triton X-100 (PBS-X), blocked in 5% normal goat serum for 1 h, and incubated for 2 days at 4°C with rabbit anti-citrulline antibodies (1:10,000) that had been preabsorbed against arginine (Eliasson et al., 1997; Pasqualotto, Hope, and Vincent, 1991) . After washes in PBS-X, the sections were incubated overnight at 4°C in biotinylated goat anti-rabbit secondary antibodies (1:1000), washed in PBS-X, exposed to an avidin-biotin complex (Vector Laboratories, Burlingame, CA) for 1 h, washed again in PBS-X, and visualized using diaminobenzidine as a chromagen. The sections were mounted and counterstained with thionin before coverslips were applied.
Cell Counting and Statistical Analysis
From each animal, brain sections corresponding to Bregma Ϫ0.34 mm, Bregma Ϫ0.46 mm, and Bregma Ϫ0.70 mm (Franklin and Paxinos, 1997) were identified and cells with citrulline-immunoreactivity (citrulline-IR) in the medial preoptic area (MPOA), the suprachiasmatic nucleus (SCN), and the subparaventricular zone (SPa) regions of the hypothalamus were counted in one hemisegment. The SCN resides in all three sections, but the MPOA occurs only at Bregma Ϫ0.34 mm and Ϫ0.46 mm and lies just dorsal to the SCN, while the SPa occurs only at Bregma Ϫ0.70 mm (Franklin and Paxinos, 1997) and also lies just dorsal to the SCN. The control region for examining overall citrulline-IR was a square region of 500 by 500 m placed in the caudate putamen at the level of Bregma 0.14 mm. The boxed area used for counting cells was placed at the lateralmost edge of the caudate putamen and at the same ventral level as the bottom of the lateral ventricles. All slides were coded and scored by an individual uninformed of the experimental conditions or expectations. An unpaired Student's t test was used for comparisons between the two groups. Stereology was not used during cell counting because the distance between the representative sections was greater than 100 m, a size greater than the average size of cell bodies in these regions of the brain.
RESULTS
Maternal Behavior and Aggression of Lactating Wild-type and eNOS؊/؊ Mice
No significant differences were observed between lactating WT and eNOSϪ/Ϫ mice in the expression of maternal aggression. Four of 6 (66.6%) WT and 4 of 6 (66.6%) eNOSϪ/Ϫ lactating females expressed aggression on at least 1 of the 4 test days. The average number of attacks against a male intruder during the 10-min test was 5.6 Ϯ 2.3 (Ϯ SEM) by WT mice and 11.1 Ϯ 4.7 (Ϯ SEM) by eNOSϪ/Ϫ mice. Although the average number of bites by eNOSϪ/Ϫ females was greater than that by WT mice, these differences were not significantly different according to our criterion (P Ͼ 0.05). The total time spent attacking the male intruder was 31.0 Ϯ 11.8 s (Ϯ SEM) for WT mice and 25.5 Ϯ 12.8 s (Ϯ SEM) for eNOSϪ/Ϫ mice and these differences in means were not statistically different (P Ͼ 0.05). The mean amount of time spent sniffing the intruder was 64.0 Ϯ 19.3 s (Ϯ SEM) for WT mice and 73.5 Ϯ 14.6 s (Ϯ SEM) for eNOSϪ/Ϫ mice and these means also did not differ between the two groups. Over the 4 test days (beginning postpartum Day 4 and ending postpartum Day 10) aggression was decreased on Day 10 for both WT and eNOSϪ/Ϫ lactating mice. Using a repeated-measures two-way ANOVA, though, no significant differences were observable between the two groups on any of the test days and no significant interaction of test day on aggression was observable (F ϭ 1.67; df ϭ 39; P ϭ 0.200).
In other measures of maternal behavior, the WT and eNOSϪ/Ϫ mice did not behave significantly different from one another. The mean time to retrieve the first pup was 9.3 Ϯ 3.5 s (Ϯ SEM) for WT mice and 7.8 Ϯ 1.5 s (Ϯ SEM) for eNOSϪ/Ϫ mice. The mean time to retrieve the fourth pup was 48.8 Ϯ 12.6 s (Ϯ SEM) for the WT mice and 51.7 Ϯ 13.7 s (Ϯ SEM) for the eNOSϪ/Ϫ mice. The average weight of the pups for each of the test days was not significantly different between the WT and the eNOSϪ/Ϫ mice (P Ͼ 0.05).
Pattern of Citrulline-Immunoreactivity in the Brain of Aggressive and Nonaggressive Lactating eNOS؊/؊ Mice
As seen in Figs. 1 and 2 , aggressive lactating eNOSϪ/Ϫ females exhibit a significant increase in the number of citrulline-positive cells in the hypothalamus relative to unstimulated lactating eNOSϪ/Ϫ females. In aggressive lactating eNOSϪ/Ϫ mice, the average number of citrulline-positive cells in the MPOA region was significantly higher than that in unstimulated controls (P Ͻ 0.05) (Fig. 2) . As seen in Fig. 1 , the greatest increase in the number of citrullinepositive cells in the MPOA during maternal aggression occurred mostly in the ventral region of the MPOA, just dorsal to the SCN. In almost all cases, counterstaining with thionin allowed for unambiguous identification of cells within the MPOA. In the few cases where it was difficult to determine whether a cell was located within the MPOA or the peri-SCN, the number of such cells was only about one to two per animal and, therefore, any misidentification would not alter the statistical analysis. In the SPa region, the average number of citrulline-positive cells was also significantly higher in aggressive eNOSϪ/Ϫ females than in unstimulated eNOSϪ/Ϫ controls (P Ͻ 0.01) (Fig. 2) . In contrast, the average number of citrullinepositive cells in the SCN in aggressive eNOSϪ/Ϫ females was not significantly higher than for unstimulated eNOSϪ/Ϫ female controls (P ϭ 0.80) (Fig. 2) . In the caudate putamen, a control region of the brain, the number of citrulline-positive cells did not differ between the two groups (P Ͼ 0.05) (Fig. 2) .
We examined the correlation coefficient of time spent attacking the intruder and total number of citrulline-positive cells in the MPOA, SCN, and SPa regions, but a significant positive correlation was not found for any of the regions (P Ͼ 0.05; Pearson Product Moment Correlation; n ϭ 5).
DISCUSSION
The disruption of the eNOS gene has no effect on maternal aggression. Because previous research indicated that male eNOSϪ/Ϫ mice exhibit almost no aggression (Demas et al., 1999) , these data suggest that NO produced by eNOS has a differing function in maternal and male aggression. The observation that aggressive, lactating eNOSϪ/Ϫ mice exhibit increased citrulline production within neurons of the hypothalamus further suggests that the production of NO by nNOS is normal in the transgenic mice. Recent work indicates that lactating nNOSϪ/Ϫ mice exhibit a significant impairment in the production of maternal aggression , but that male nNOSϪ/Ϫ mice exhibit a significant elevation in aggression (Nelson et al., 1995) . The present study, in conjunction with previous work, suggests that NO has different actions on maternal and male aggression when it is produced by either a neuronal or an endothelial blood vessel source, but that the actions of NO produced by either source differ within the same sex.
Maternal Aggression and NO Produced by eNOS
NO can be produced by eNOS within the CNS. Although earlier studies using immunohistochemistry found some evidence for eNOS expression within neurons (Dinerman, Dawson, Schell, Snowman, and Snyder, 1994) , recent work using in situ hybridizations and more specific anti-eNOS antibodies has localized eNOS only in blood vessels, including those within the brain (Demas et al., 1999; Seidel et al., 1997; Stanarius et al., 1997; Topel et al., 1998) . Acetylcholine is the most common activator of NO production by eNOS and the most common action is the dilation of blood vessels that leads to an increase in blood flow . NO has a short half-life, but in neurons it acts on NO-responsive cells at a distance of up to 50 m (Park, Straub, and O'Shea, 1998) . It still remains to be determined whether and/or how NO release from eNOS can interact directly with neuronal signaling. However, both long-term potentiation and neurotransmitter release are disrupted in eNOSϪ/Ϫ mice (Haul, Godecke, Schrader, Haas, and Luhmann, 1999; Kano, Shimizu-Sasamata, Huang, Moskowitz, and Lo, 1998; Wilson, Godecke, Brown, Schrader, and Haas, 1999) , but the exact cause of these deficiencies is not known. eNOSϪ/Ϫ mice are grossly normal, but display hypertension . The eNOSϪ/Ϫ mice are reproductively viable, but the males exhibit some ejaculatory abnormalities (Kriegsfeld et al., 1999) and the females exhibit a reduced estrous cycle length (Drazen, Klein, Burnett, Wallach, Crone, Huang, and Nelson, 1999) .
The question of a possible role for NO produced by eNOS in maternal aggression became important when recent work indicated that eNOSϪ/Ϫ males exhibit almost no aggression (Demas et al., 1999) . Our findings of no deficits in maternal aggression in the eNOSϪ/Ϫ lactating females suggest that NO produced by eNOS is not required to express maternal aggression. Furthermore, our findings indicate that at whatever level male aggression is inhibited by the lack of eNOS, this is not likely to be a shared pathway in the control of maternal and male aggression. 
Maternal Aggression and NO Produced by nNOS
The steroid hormones, estrogen and progesterone, play an important role in acting on the CNS to facilitate the expression of maternal aggression during lactation (Bridges, 1996; Mann et al., 1984; Stern and McDonald, 1989) , but there is no conclusive evidence that these hormones are required to express maternal aggression once a dam is lactating. The release of neuromodulators within the CNS triggers the production of maternal aggression and research suggests that the central actions of oxytocin and serotonin contribute to the expression of this behavior (Giovenardi, Padoin, Cadore, and Lucion, 1998; Kordon et al., 1973) . Recent work suggests that another neuromodulator, NO, produced by nNOS in neurons may play a role in maternal aggression . Lactating female mice lacking the nNOS gene showed dramatic deficits in maternal aggression, but otherwise exhibited normal maternal behaviors . nNOS is localized in a number of brain regions, including the olfactory bulb (OB), the accessory olfactory bulb (AOB), the hypothalamus, the amygdala, and the cerebellum (Bredt and Snyder, 1992) . Because the vomeronasal system plays a role in facilitating the control of maternal behaviors in rats (Fleming and Rosenblatt, 1974) , the lack of nNOS in the AOB or OB could contribute to the deficits in maternal aggression in the nNOSϪ/Ϫ females. It would still need to be explained, however, why other maternal behaviors are normal in the nNOSϪ/Ϫ females.
A significant elevation in citrulline, an indirect marker of NO synthesis in neurons, occurs in the MPOA, SCN, and SPa regions of lactating WT mice only in association with maternal aggression . Citrulline is the breakdown product when NO is cleaved enzymatically from arginine by NOS and can be analyzed chemically and immunohistochemically as an indirect measurement of NO production (Eliasson et al., 1997; Moroz, Gillette, and Sweedler, 1999) . This latter result suggests that NO is released in the CNS during maternal aggression. The precise relationship between NO release in the hypothalamus and the expression of maternal aggression remains to be determined, but electrical stimulation of a similar hypothalamic region in cats leads to defensive rage that is thought to be equivalent to maternal aggression (Siegel, Roeling, Gregg, and Kruk, 1999) . Some of the NO-releasing cells in WT mice may contain vasopressin and may project to the paraventricular nucleus (PVN) , where they could influence maternal aggression (Vrang, Larsen, and Mikkelsen, 1995) . Recent work shows that a dramatic increase in the number of citrulline-positive cells occurs in the PVN during the production of maternal aggression in prairie voles (Gammie and Nelson, 2000) . Thus, it is possible that if NO does control maternal aggression, then the site of action of NO has shifted during rodent evolution.
Citrulline-IR in eNOS؊/؊ Mice
A common side effect of the elimination of a single gene is the upregulation of a related gene (Nelson, 1997) . In the case of the eNOSϪ/Ϫ mice it might be expected that nNOS is upregulated. We do not believe this to be the case for two reasons: (1) previous examinations of eNOSϪ/Ϫ mice found no elevation in NOS levels (Hara, Waeber, Huang, Fujii, Fishman, and Moskowitz, 1996) and (2) normal elevations of citrulline were produced within neurons in association with maternal aggression that matched the changes previously observed in WT mice . In WT mice and eNOSϪ/Ϫ mice (this study), a significant elevation of the number of citrulline-positive cells in the MPOA and SPa regions occurred in association with maternal aggression (Figs. 1 and 2) . The results from this study suggest that in the eNOSϪ/Ϫ mice, the nNOS signaling pathways are intact. A significant increase was previously observed in the SCN of aggressive relative to nonaggressive WT mice, but aggressive eNOSϪ/Ϫ females did not show significant increases in the SCN relative to nonaggressive eNOSϪ/Ϫ females in this study. It is still not known whether the citrullinepositive cells in these three closely adjoined regions act together as a group or whether the cells in the separate regions have separate functions. At this point, the lack of a dynamic change in citrulline-IR in the SCN in eNOSϪ/Ϫ mice in association with maternal aggression is not understood, but it may reflect subtle changes in neuronal signaling previously observed in the eNOSϪ/Ϫ mice (Haul et al., 1999; Kano et al., 1998; Wilson et al., 1999) .
Our work, in conjunction with previous work on transgenic mice, provides another example of how the regulation of maternal and male aggression differs in mice. The lack of aggression in eNOSϪ/Ϫ males and the full expression of maternal aggression in the eNOSϪ/Ϫ females indicate that NO produced by eNOS does not have the same function in both types of aggression. Taken together with the results that nNOSϪ/Ϫ males show heightened aggression (Nel-son et al., 1995) , but that nNOSϪ/Ϫ females exhibit dramatically impaired maternal aggression , this study indicates that not only does NO have different actions in maternal and male aggression, but the site of release may be an important determinant in the action of NO on aggression.
